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ABSTRACT
The smallest catalytic RNA identified to date is a
manganese-dependent ribozyme that requires only
a complex between GAAA and UUU to effect site-
specific cleavage. We show here that this ribozyme
occurs naturally in the 3’-UTR of Vg1 and b-actin
mRNAs. In accord with earlier studies with model
RNAs, cleavage occurs only in the presence of man-
ganese or cadmium ions and proceeds optimally
near 308C and physiological pH. The time course
of cleavage in Vg1 mRNA best fits a two-step pro-
cess in which both steps are first-order. In Vg1
mRNA, the ribozyme is positioned adjacent to a
polyadenylation signal, but has no influence on
translation of the mRNA in Xenopus oocytes.
Putative GAAA ribozyme structures are also near
polyadenylation sites in yeast and rat actin mRNAs.
Analysis of sequences in the PolyA Cleavage Site
and 3’-UTR Database (PACdb) revealed no particular
bias in the frequency or distribution of the GAAA
motif that would suggest that this ribozyme is
currently or was recently used for cleavage to
generate processed transcripts. Nonetheless, we
speculate that the complementary strands that
comprise the ribozyme may account for the origin
of sequence elements that direct present-day
3’-end processing of eukaryotic mRNAs.
INTRODUCTION
RNA-based catalysis is an integral part of key steps in
gene expression that include RNA replication, RNA spli-
cing, and peptide bond formation (1). With the exception
of the latter, most ribozymes catalyze phosphoryl transfer
reactions that require a metal cofactor and result in strand
cleavage. Many of the present-day ribozymes, such as the
hammerhead, hepatitis delta virus (HDV) and hairpin
ribozymes, are limited to the processing of multimeric
viral RNA replication products into individual mono-
meric units. However, there is recent evidence that the
activity of a self-cleaving element in the 30 ﬂanking
region of human b-globin transcripts is required for eﬃ-
cient termination of transcription (2). Thus, ribozyme
activity, at least in some cases, may be important for the
30 processing of mRNA and termination of transcription,
signiﬁcantly expanding the scope of ribozyme activity. It
also appears that ribozyme activity continues to evolve in
modern organisms. An HDV-like ribozyme has been iden-
tiﬁed in the second intron of human cytoplasmic polyade-
nylation element-binding protein 3 (3). Orthologs of the
ribozyme are highly conserved, but are limited to mam-
mals, leading to speculation that this ribozyme not only
arose recently, but also within a protein milieu.
The localization of Vg1 mRNA to the vegetal cortex of
Xenopus oocytes is mediated by a 340-nucleotide (nt)
region in the 30-UTR designated the Vg1 localization ele-
ment (VLE) (4). A 250-nt sequence, positioned 118nt
downstream of the VLE, controls translation of Vg1
mRNA, and is referred to as the Vg1 translational element
(VTE) (5,6). We have provided evidence that a site
between the VLE and VTE is used for cytoplasmic poly-
adenylation during the late stages of oogenesis when
translation of Vg1 mRNA is initiated (7). During experi-
ments to delineate the cytoplasmic processing of Vg1
mRNA, we detected cleavage of the RNA in the absence
of protein and have determined that this activity can be
attributed to a previously described manganese-dependent
ribozyme (8,9). The structural motif that deﬁnes this ribo-
zyme also occurs in the 30-UTR of another localized
mRNA, chicken b-actin mRNA, which we ﬁnd undergoes
metal-dependent self-cleavage as well. The position of the
ribozyme in Vg1 mRNA and in several actin mRNAs is
close to a polyadenylation site, which raises the question
whether they represent remnants of an ancient mechanism
to produce transcripts of deﬁned sizes and, in light of the
ribozyme activity in b-globin mRNA (2), to terminate
transcription.
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Nucleic acids
RNA representing residues 210–350 of the Vg1 localiza-
tion element was prepared by run-oﬀ transcription of the
plasmid p1650Ase linearized with AseI using T7 RNA
polymerase. The b-actin zipcode RNA (residues 4–42)
was similarly transcribed from a synthetic oligonucleotide
containing the T7 promoter. Internally radiolabeled
RNAs were synthesized in the presence of [a-
32P]CTP
and 30 end-labeled RNAs were prepared using cytidine
30,50-[50-
32P]bisphosphate and T4 RNA ligase.
Cleavage reactions
The cleavage reactions contained the indicated RNA in
buﬀer containing 50mM Tris–HCl, pH 7.5, 200mM
NaCl, 50mM KCl and 10mM MnCl2. Reactions were
kept at ambient temperature for the indicated time and
stopped by addition of 50mM EDTA. The reactions
with Vg1 mRNA contained 0.4mM m
7GpppA. Samples
were diluted with two volumes of loading buﬀer contain-
ing 8M urea, and kept at 608C for 5min before loading on
8% polyacrylamide gels containing 7M urea. The pH
dependence of cleavage was measured using 50mM
sodium acetate (pH 4.5 and 5.0), 2-(N-morpholino)etha-
nesulfonate (pH 5.5 and 6.0), HEPES (pH 7.0) or Tris (pH
7.5, 8.0, 8.5 and 9.0). Metal dependence was tested using
the indicated chloride salt at 10mM. The amount of cleav-
age was measured by scanning autoradiographs with a
laser densitometer and these data ﬁt to curves using
TableCurve 2D software.
Characterization of cleavage products
The ability to phosphorylate the 30 cleavage fragment with
polynucleotide kinase was tested. After self-cleavage of
Vg1 RNA labeled at the 30-end, a sample of gel-puriﬁed
30 product was incubated with 0.5mM ATP and 5 U of T4
polynucleotide kinase for 20min at 378C. The mobility of
this sample was then analyzed on a denaturing gel along-
side a control sample incubated in the same conditions,
but without enzyme, and an alkaline hydrolysate. The
polyadenylation of the Vg1 substrate and cleavage prod-
uct were tested in a reaction containing internally radio-
labeled RNA and 1.5U of Escherichia coli poly(A)
polymerase (TaKaRa). The reactions were run in 10mM
Tris–HCl, pH 8.0, 100mM KCl, 5mM MgCl2, 0.1mM
CaCl2, 4mM ATP, 50mM sucrose, 0.4mM EGTA,
20mM vanadylribonucleoside complex, 30mM creatine
phosphate, 10mg/ml creatine kinase and 0.5U/ml RNasin
for 1h at ambient temperature. The reactions were
stopped by the addition of three volumes of a solution
containing 134mM Tris–HCl, pH 8.0, 200mM NaCl,
17mM EDTA, 1.3% SDS, 0.4mg/ml tRNA and
0.67mg/ml proteinase K, and then kept at 378C for
30min. The RNA was precipitated with ethanol and ana-
lyzed by electrophoresis on a denaturing urea gel.
In vivoexpression of Vg1mRNA
The GAAA ribozyme sequence (nucleotide positions
1771–1774) was changed to CCCA using the QuikChange
mutagenesis kit (Stratagene). Capped wild-type and
mutant Vg1 mRNAs were synthesized by run oﬀ tran-
scription using SP6 RNA polymerase. Mixed staged
oocytes were incubated with collagenase (2mg/ml) at
room temperature for 45min in OR2(–) solution. After
multiple washes with OR2, stage VI oocytes were micro-
injected in the vegetal pole with 27.6nl of 0.36mM (8ng)
wild-type or mutant mRNA, producing an 10nM ﬁnal
concentration in each oocyte. Control samples were pre-
pared by injecting oocytes with water. Microinjected
oocytes were placed at 188C for 2h before adding
250mCi [
35S] methionine/cysteine translabel. After over-
night incubation in OR2 solution, 20 oocytes from each
sample were homogenized in 300ml of harvest buﬀer
(0.1M Tris–HCl, pH 8.9 and 1% SDS). A second set
of oocytes was incubated in the presence of 25mM man-
ganese. The samples were boiled for 5min and centri-
fuged for 1min at 16000g and 100ml of NET-2 buﬀer
(50mM Tris–HCl, pH 7.4, 150mM NaCl and 0.05%
NP-40) was added to the supernatant, which was then
incubated with protein A-Sepharose beads (Sigma)
adsorbed with Vg1 polyclonal antibody. The precipita-
tion reactions were incubated for 2h at 48C with end-
to-end rotation. Beads were washed three times with
NET-2 buﬀer and then boiled for 5min in 20mlo f
SDS loading buﬀer. Samples were analyzed by SDS–
PAGE followed by autoradiography to visualize in vivo
synthesized Vg1 protein.
Sequenceanalyses
The PolyA Cleavage Site and 30-UTR Database (PACdb)
is a catalog of putative 30-processing sites (10). This data-
base was used to compare the frequency of tetranucleotide
sequences within 200nt of polyadenylation signals and to
compare the frequency of the GAAA ribozyme sequence
upstream and downstream of polyadenylation signals. The
analyses were restricted to only polyadenylation signals
that are external to the open reading frame and that
occur on the (+) strand.
A database containing 30-UTR sequences (available at:
http://www.ba.itb.cnr.it/UTR/) was used to search 1000
sequences each from Caenorhabditis elegans and
Drosophila melanogaster mRNAs for the presence of
three tetranucleotide sequences (GAAA, CAAA and UA
UG) within 15nt upstream or downstream of AAUAAA
polyadenylation signals. The control sequence, UAUG,
was generated using a random number generator. The
number of 30-UTRs containing the indicated tetranucleo-
tide was plotted versus their distance from the AAUAAA
hexanucleotide.
RESULTS AND DISCUSSION
Amanganese-dependent ribozyme in the3’-UTR of
Vg1mRNA
The predicted secondary structure at the 30-end of the
localization element in Vg1 mRNA includes a short
helix having UUU paired with GAAA (Figure 1A),
which is the minimum structural motif required for activ-
ity in the manganese-dependent ribozyme (9). We tested
Nucleic Acids Research, 2008, Vol. 36, No. 17 5531Figure 1. A manganese-dependent ribozyme in the 30-UTR of Vg1 mRNA. (A) The secondary structure of the region encompassing residues 210–350
of the Vg1 localization element (VLE). An arrow indicates the site of cleavage and boxes enclose a consensus polyadenylation signal at position 334
and a nonconsensus signal at 272. The structure was generated using mfold version 3.1 (51). (B) Vg1 RNA (radiolabeled at the 30-end) was incubated
overnight in cleavage buﬀer in the presence (lane 3) or absence (lane 4) of 10mM manganese and then analyzed on a denaturing polyacrylamide gel
alongside ribonuclease T1 and alkaline hydrolysates (lanes 1 and 2, respectively). The doublet in lane 3 is also apparent in the T1 digest (lane 1) and
is due to length heterogeneity in the substrate RNA. (C)A5 0 hydroxyl group at the cleavage site. The 30 cleavage product was incubated with
polynucleotide kinase and ATP and compared to untreated fragment and an alkaline hydrolysate. (D)A3 0 phosphate at the cleavage site. A portion
of a cleavage reaction containing an equal mixture of substrate and product RNA was incubated with poly(A) polymerase and compared to an
untreated sample. Only the substrate RNA is polyadenylated.
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the VLE, for cleavage in the presence of 10mM manga-
nese. Cleavage occurs speciﬁcally between G331 and A332
(Figure 1B), which is the expected site based upon pre-
vious studies of this ribozyme (8,9). In initial assays for
cleavage activity, we detected an additional product that
exhibited considerably lower mobility relative to the start-
ing substrate on denaturing polyacrylamide gels (data not
shown). The appearance of this species was eliminated by
the inclusion of cap analog (m
7GpppA) in the reaction
mixture. This alternative reaction and the identity of the
secondary product are being investigated.
Like the majority of self-cleaving ribozymes, the man-
ganese ribozyme yields products with a 20,30-cyclic phos-
phate and a free 50-hydroxyl at the site of cleavage (8). The
cleavage product of the Vg1 RNA substrate, radiolabeled
at the 30 terminus, comigrates with a fragment generated
by limited alkaline hydrolysis, which also yields products
with a 50-hydroxyl (Figure 1B and C). Incubation of the 30
cleavage product with polynucleotide kinase and ATP
shifts the mobility of the fragment to an intermediary
position relative to the products from alkaline digestion.
Together, these results establish that a free 50-hydroxyl is
formed at the site of cleavage in Vg1 mRNA (Figure 1C).
This conclusion is supported by a second experiment in
which self-cleavage of internally radiolabeled Vg1 RNA
was terminated after the reaction had proceeded approxi-
mately half way to completion in order to generate a mix-
ture of substrate and product RNAs. A portion of this
sample was then incubated with E. coli poly(A) polymer-
ase (PAP), which requires a 30-hydroxyl for addition of a
poly(A) tail (Figure 1D). Although the full-length VLE
RNA is a substrate for the polymerase, none of the
50 cleavage product was polyadenylated. This result sup-
ports the other evidence that the autocatalytic cleavage of
Vg1 RNA produces products with a 30-phosphate and a
free 50-hydroxyl.
Cleavage of the Vg1 30-UTR was characterized further
by determining the metal, temperature and pH dependence
of the reaction (Figure 2). In addition to manganese, the
only other divalent metal that supports this activity is
cadmium. The amount of cleavage increases with tem-
perature between 168C and 308C, above which there is
an appreciable degradation of the RNA. The pH opti-
mum of the reaction is centered near 7.5. The concentra-
tion of Tris buﬀer has no eﬀect on the extent of the
reaction, eliminating the possibility that it is participating
in the reaction as a general base. The inclusion of mag-
nesium has little eﬀect on the activity of the ribozyme,
indicating that formation of the catalytically competent
structure in the RNA does not depend on this divalent
cation, nor is there any apparent competitive binding of
magnesium to the manganese site. The cleavage activity
in Vg1 mRNA is strikingly similar to that ﬁrst described
for the manganese ribozyme in the Tetrahymena group I
intron (8,9).
Kineticproperties of theVg1 ribozyme
The extent of Vg1 mRNA cleavage exhibits little depen-
dence on RNA concentration (Figure 3A), indicating that
the reaction is ﬁrst order. Decreased activity at high con-
centrations of the RNA actually suggests that intermole-
cular interactions may block or hinder formation of the
active conformation in the RNA needed for catalysis. The
time course of the cleavage reaction not only provides
further evidence for a ﬁrst-order reaction, but also that
it is a two-step kinetic process (Figure 3B–D). Reaction
products were separated on a denaturing polyacrylamide
gel and the resulting autoradiograph was scanned with a
laser densitometer in order to quantitate the intensity of
the individual bands. The progress curve (Figure 3C) is
best ﬁt to a rate expression that represents a two-step
mechanism in which both steps are ﬁrst order. This two-
step mechanism suggests that a conformational change in
the RNA to a catalytically competent structure may be
partially rate limiting. Biphasic kinetic behavior, also
ascribed to an equilibrium between conformational
states, has been reported for group I (11) and group II
Figure 2. Characterization of the self-cleavage reaction. All reactions were carried out in standard conditions, excepting the indicated variable.
The metal dependence of cleavage was tested with the indicated divalent cation at a concentration of 10mM.
Nucleic Acids Research, 2008, Vol. 36, No. 17 5533(12,13) self-splicing introns. The plot of ln(fraction
unreacted) versus time (Figure 3D) yielded an observed
ﬁrst-order rate constant of 6.6 10
–4min
 1 which is simi-
lar to rate constants measured for naturally occurring and
model manganese-dependent GAAA ribozymes (14,15).
This slow reaction rate indicates that the catalytically
competent conformation of the ribozyme may not be
highly populated in the free RNA.
Invivo activity ofthe Vg1ribozyme
In order to test whether the manganese ribozyme has any
eﬀect on the expression of Vg1 mRNA in vivo, we mutated
the GAAA sequence to CCCA and then compared trans-
lation of this and wild-type mRNAs in Xenopus oocytes.
Capped transcripts were injected into stage VI oocytes,
which were kept overnight in OR2 solution containing
[
35S]-labeled amino acids. The amount of injected RNA
(8ng) represents an 80-fold excess compared to the
amount of endogenous Vg1 mRNA (16). Equal numbers
of oocytes were disrupted and Vg1 protein was retrieved
by immunoprecipitation and analyzed by SDS–PAGE/
autoradiography (Figure 4). The two mRNAs exhibit
comparable levels of translation, indicating that the ribo-
zyme sequence has no physiological activity. Inclusion of
manganese in the culture medium had no eﬀect on the
relative levels of translation of wild-type and mutant
Vg1 mRNAs (data not shown). This situation with Vg1
mRNA appears similar to the processing of Xenopus U16
snoRNA. This small RNA, which is located within the
third intron of mRNA encoding ribosomal protein L1,
is generated by endonucleolytic cleavage of the mRNA
as opposed to splicing-dependent excision. Two functional
manganese-dependent ribozymes are found close to the
Figure 3. Kinetics of the cleavage reaction. (A) A trace amount of internally labeled Vg1 RNA was added to the indicated concentration of unlabeled
Vg1 RNA. The reactions proceeded in standard conditions overnight. (B) Vg1 RNA (100nM) was incubated for the indicated amount of time in
standard conditions. Reactions were stopped with EDTA and analyzed on a denaturing polyacrylamide gel. (C) The autoradiograph was scanned
with a laser densitometer to generate the individual data points. The best-ﬁt curve (solid line) is deﬁned by a kinetic equation that represents a two-




Figure 4. In vivo translation of wild-type and mutant Vg1 mRNA lack-
ing the GAAA ribozyme sequence. Stage VI oocytes were injected with
capped mRNA and incubated overnight in OR2 buﬀer containing
[
35S]methionine/cysteine. Vg1 protein was immunoprecipitated from
whole-cell extract prepared from 20 oocytes and analyzed by SDS–
PAGE followed by autoradiography. Lane 1, oocytes injected with
water only; lane 2, oocytes injected with wild-type mRNA; lane 3,
oocytes injected with mRNA in which the GAAA ribozyme sequence
was changed to CCCA.
5534 Nucleic Acids Research, 2008, Vol. 36, No. 17actual in vivo processing sites that are, nonetheless, cleaved
by an endoribonuclease which, remarkably, requires man-
ganese as a cofactor (17,18).
A manganeseribozyme in the3’-UTRof actin mRNA
b-Actin mRNA is localized to the leading edge of ﬁbro-
blasts or the growth cones of developing neurites (19).
A 54-nt element in the 30-UTR, called the zipcode, medi-
ates localization (Figure 5A). We have detected manga-
nese-dependent cleavage of an oligoribonucleotide that
contains the zipcode hairpin (Figure 5B). As with all
other GAAA ribozymes, cleavage occurs speciﬁcally
between the G and A residues. Similarly, cadmium is the
only other metal that supports appreciable site-speciﬁc
cleavage of this RNA. There is one notable diﬀerence
between the zipcode RNA and the canonical manganese-
dependent ribozyme. In the former, the consensus A:U
base pair immediately ﬂanking the cleavage site is appar-
ently an A:C or possibly an A:A pair. Other examples of
manganese-dependent ribozymes in which the GAAA is
not paired with UUU have been detected within the group
I intron of Chlamydomonas reinhardti chloroplast 23S
rRNA (15). The structure of a manganese-dependent ribo-
zyme has not been determined; however, in a theoretical
model, the uracil residue in question is not involved in
either the chemistry of the cleavage reaction or as a
ligand to the metal (9). The structure of the ribozyme in
the zipcode RNA supports an earlier proposal that the
UUU segment serves only as a guide sequence to orient
the metal-binding adenosine residues (9).
The occurrenceof GAAA relative topolyadenylation sites
The manganese ribozymes in Vg1 mRNA and b-actin
mRNA occur in close proximity to polyadenylation
sites; thus, we questioned whether these ribozymes might
be molecular fossils that were active before the advent of
the proteins that now mediate the cleavage reaction asso-
ciated with this process. Seemingly, mechanisms to gener-
ate RNA products of deﬁned length must have existed in
an RNA world. We examined the occurrence of GAAA in
the PACdb to determine whether there is any bias in the
frequency or position of this sequence (10). The frequency
of GAAA was compared to CAAA, AAAA, TAAA and a
randomly generated sequence, UAUG (Table 1). The
occurrence of these tetranucleotide sequences was limited
to the 200nt immediately preceding polyadenylation sig-
nals in the organisms listed. Since the number of entries
for each species examined is diﬀerent, the occurrence of
each sequence is expressed as the percent of the total
number of the ﬁve tetranucleotide sequences. GAAA
does not occur signiﬁcantly more or less frequently than
the other sequences containing a triplet of adenosines,
indicating no selective bias for or against the ribozyme
sequence in the 30-UTR. The sequences AAAA and
UAAA are consistently present at a somewhat higher fre-
quency, which likely reﬂects the A/U-rich nature of
30-UTRs in general. Similarly, the randomly generated
sequence occurs less frequently than the A-rich sequences.
We also analyzed the sequences ﬂanking polyadenyla-
tion signals to determine whether there is any apparent
bias in the location of GAAA sequences. We determined
the number of times the ribozyme sequence occurs within
50 or 100nt upstream or downstream of polyadenylation
signals (Table 2). This analysis did not reveal any notable
positional eﬀects. In addition, we examined 1000
sequences each from C. elegans and D. melanogaster, scan-
ning the sequence immediately surrounding the polyade-
nylation signal in 1-nt increments using a 4-nt window
(Figure 6). There is a marked increase in the frequency
of the GAAA sequence immediately before and including
the ﬁrst 2nt of the polyadenylation signal. However, the
occurrence of the ribozyme sequence is no greater than
CAAA. This analysis simply demonstrates the greater
likelihood of a tetranucleotide sequence with three conse-
cutive adenosines due to the polyadenylation signal.
We considered the question whether the ribozyme
sequence is correlated with mRNA stability. Genome-
wide microarray analyses of mRNA decay have been
reported (20–23). In addition to AU-rich elements
(ARE’s) that are found in many mRNAs with short
Figure 5. A manganese-dependent ribozyme in the zipcode of b-actin
mRNA. (A) The predicted secondary structure of the zipcode element
in the 30-UTR of b-actin mRNA (52). An arrow marks the site of
manganese-dependent cleavage. (B) Zipcode RNA (radiolabeled at
the 30-end) was incubated overnight in cleavage buﬀer in the presence
(lane 3) or absence (lane 4) of 10mM manganese and then analyzed on
a denaturing polyacrylamide gel alongside alkaline and ribonuclease T1
hydrolysates (lanes 1 and 2, respectively). (C) The metal dependence of
self-cleavage in zipcode RNA. RNA was incubated overnight in the
presence of the indicated metal. Weak cleavage with Cu
2+ has been
reported previously for the manganese ribozyme (53); whereas, Zn
2+
triggers nonspeciﬁc degradation.
Nucleic Acids Research, 2008, Vol. 36, No. 17 5535half-lives, other sequence motifs have been identiﬁed that
seem to be correlated with RNA decay rates (20,21).
However, GAAA has not emerged as a conserved sequence
in any of these elements that appear to inﬂuence stability.
We compared the frequency of GAAA in a group of short-
lived transcripts in human T cells (24) relative to a group of
constitutive transcripts (list available from authors) and
found no statistical diﬀerence (P=0.482). A purine-rich
instability element in the open reading frame of c-fos (25),
likewise, does not have an overrepresentation of GAAA.
Thus, there is no evidence to connect the ribozyme
sequence to mRNA stability.
Origins of 3’processing signals
The simplicity of the manganese-dependent ribozyme
means its inclusion would put remarkably little structural
constraint on an RNA molecule. Our analysis indicates
that there has been no obvious evolutionary pressure to
retain or restrict the GAAA ribozyme sequence in the 30
terminal regions of RNAs once cleavage reactions became
protein-based. Yet, if these simple ribozymes were at one
time important for processing at the 30-ends of nascent
transcripts, then one may speculate how the transition
from RNA- to protein-catalyzed cleavage occurred. One
model that we posit is that the two sequences that com-
prise the manganese ribozyme, GAAA and UUU, gave
rise to the two signal sequences, AAUAAA and U-rich
element, that deﬁne the site for the cleavage reaction asso-
ciated with polyadenylation. This scenario is appealing
because these sequences are used solely as identity ele-
ments with cleavage occurring at a somewhat ﬂexible dis-
tance between the two. The role of early protein factors
could reasonably have been to promote a catalytically
competent conformation in the ribozyme RNA, just as is
seen in present-day RNP complexes that promote RNA-
based cleavage reactions, such as the protein subunit of
RNase P (26,27) and tyrosyl-tRNA synthetase enhance-
ment of group I intron excision (28).
In the case of the cleavage reaction associated with
polyadenylation, two factors, CPSF-160 (29,30) and
CstF-64 (31), speciﬁcally bind to the AAUAAA and
downstream U-rich elements, respectively, thereby deter-
mining the site of cleavage by CPSF-73 (32). Thus, one
possibility is that an RNP complex that formed on the
ribozyme initially to facilitate or modulate self-cleavage
underpinned the transition from an RNA-based to a
Figure 6. The frequency of GAAA immediately upstream and down-
stream of the polyadenylation signal. One thousand mRNA sequences
from C. elegans and D. melanogaster were scanned in 1-nt increments
using a 4-nt window. The frequency of the sequences GAAA, CAAA
and TATG are presented as histograms relative to the position of the
AATAAA hexanucleotide sequence.
Table 1. Frequency of tetranucleotide sequences within 200nt upstream of polyadenylation sites
M. musculus D. rerio D. melanogaster C. elegans S. cerevisiae S. pombe A. thaliana
GAAA 18.7 17.0 17.2 21.6 20.0 17.7 19.6
CAAA 15.9 16.6 19.3 22.2 15.2 16.4 18.1
AAAA 24.1 23.2 24.9 25.0 27.1 25.6 22.1
UAAA 29.8 29.9 28.4 20.1 26.1 28.2 22.2
UAUG 11.5 13.3 10.2 10.2 11.6 12.1 18.1
The frequency of each sequence is expressed as the percentage of the total of all ﬁve sequences in order to normalize the diﬀerent number of entries
for each species.
Table 2. Frequency of GAAA within various distances of polyadenylation sites
Distance
a (nt) M. musculus D. rerio D. melanogaster C. elegans S. cerevisiae S. pombe A. thaliana
 50 91889 10457 6666 3589 210 397 19463
+50 105725 9553 5918 5732 239 416 19963
 100 162272 19425 12296 7840 452 768 36348
+100 181328 18637 11633 13632 541 770 42992
a( ) and (+) designate upstream and downstream, respectively.
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an endonuclease. This may have a bearing on the nature
of CPSF-73 itself, a member of the metallo-b-lactamase
superfamily that has a wide variety of substrates ranging
far beyond nucleic acids (33). Consistent with this model,
CPSF-73 on its own has no sequence speciﬁcity and, thus,
requires the complexes that form on the AAUAAA and
U-rich elements to determine the site of cleavage (32).
This model is equally applicable to yeast and plant poly-
adenylation signals that, likewise, contain an AAUAAA
positioning element and a U-rich sequence. The only dif-
ference is that the latter element occurs upstream rather
than downstream of the AAUAAA motif in both (34).
Recent evidence demonstrates that CPSF-73 or a para-
log also participates in the 30-end processing of poly(A)
–
histone mRNA (35,36) and U-type snRNA (37).
Remarkably, all ﬁve subunits of CPSF and two subunits
of CstF, most notably CstF-64, are found together in a
complex that supports the 30-end processing of histone
mRNA (35). An RNA interference screen has also pro-
vided evidence that some factors of the cleavage/polyade-
nylation complex are required for 30-end processing of
histone mRNAs (38).
The processing signal for histone mRNA also consists
of two elements ﬂanking the cleavage site: a conserved
upstream hairpin and a purine-rich histone downstream
element (HDE) (39). The 30-end cleavage of histone
mRNA requires base-pairing between the purine-rich
HDE and the 50-end of U7 snRNA (40). Da ´ vila Lo ´ pez
and Samuelsson (41) have identiﬁed candidate U7
snRNAs genes in a greatly expanded number of organ-
isms. In each instance, and others that we have investi-
gated, an A/G-rich sequence in the HDE is paired with a
U-rich sequence in U7 snRNA that, together, closely
approximates the structure of the manganese ribozyme
(Figure 7). Thus, it is plausible that this structure likewise
evolved from a functional manganese ribozyme, thereby
accounting for the observation that some factors are




The 30 processing sites in the U1, U2, U4 and U5
snRNAs also have a bipartite structure, consisting of a
poorly deﬁned sequence upstream of the cleavage site
and a downstream ‘30 box’ that resembles the HDE in
histone mRNA (42–44). A large multicomponent com-
plex, Intergrator, which mediates the 30 processing of
these U-type RNAs, contains homologs of CPSF-73 and
CPSF-100, but apparently, none of the other proteins
found in either CPSF or CstF (37). Interestingly, maxi-
mum 30 processing activity of these snRNAs in S100
extract occurs in the presence of 3mM manganese (42).
The 30 processing signals for RNA polymerase II (pol II)
transcripts all appear to have a bipartite structure com-
prised of purine- and uridine-rich sequences that deter-
mine the site of endonucleolytic cleavage. We speculate
that these elements may have evolved from the simple
manganese ribozyme that was used for 30-end processing
of early RNAs.
The termination of transcription by pol II is inextricably
tied to 30-end cleavage of the transcript (2,45–48). In the
case of human b-globin genes, the co-transcriptional
cleavage (CoTC) site positioned downstream of the poly-
adenylation site is required for proper termination of tran-
scription (49). There is evidence that the CoTC element
has self-cleaving activity (2) that generates a point of entry
for the exonuclease Xrn2, which degrades the downstream
product, leading to the dissociation of the polymerase
from the DNA template (48). Whether self-cleaving ele-
ments are required for eﬃcient termination of transcrip-
tion in other extant genes remains to be determined (50).
Nonetheless, this ‘torpedo’ mechanism for termination of
transcription by pol II possibly reﬂects another function
for ribozymes in the 30-ends of early RNAs. Even after
RNA synthesis became protein based, autocatalytic clea-
vage of the transcript may have been the means to termi-
nate transcription by early polymerases. If so, then
features of this mechanism are still utilized for termination
by pol II.
We have detected the occurrence of manganese-
dependent ribozymes in the 30 UTR of two mRNAs.
The catalytic activity of these ribozymes is the same as
that reported for the founding member of this class iden-
tiﬁed in the Tetrahymena group I intron (8,9). As is the
case with the manganese-dependent ribozymes that occur
in U16 snoRNA, the ribozyme in Vg1 mRNA is not func-
tional in vivo, but may represent a molecular fossil. We
propose that these ribozymes may have been important in
the processing of prebiotic transcripts and possibly
account for the purine- and uridine-rich identity elements
that comprise the signals used for 30-end processing of
















Figure 7. Predicted base-pairing interactions between the HDE of his-
tone mRNAs and U7 snRNAs. Selected histone mRNAs (top strand)
and U7 snRNAs (bottom strand) are presented; only the region imme-
diately ﬂanking the Sm site (designated by a rectangle) of U7 is shown
in each case. Adapted from ref. 41.
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